Experimental methods

Catalyst preparation
The 5%Mo/HZSM-5 catalyst was prepared using incipient wetness impregnation of HZSM-5 powder with Si/Al = 13 (377 H/05, Süd-Chemie, now Clariant) with an aqueous solution of ammonium heptamolybdate tetrahydrate (NH 4 ) 6 Mo 7 O 24 ·4H 2 O (Merck). After impregnation the catalyst was dried overnight at 110°C and then calcined in air at 550°C for 6 h with a heating/cooling rate of 2 °C/min.
Catalytic activity measurements
After drying/calcination the catalyst was pelletized, crushed and sieved to obtain particles with a size range of 0.25-0.5 mm. 0.5 g of such prepared catalyst was put into a tubular quartz reactor. The reactor had an internal diameter of 4.0 mm and a length of 400 mm. The catalyst was held between quartz wool plugs inside the isothermal zone of the reactor. The scheme of experimental setup is shown by Fig. S1 . Calibrated mass flow controllers (Brooks) were used to supply the gasses into the reactor. An automatic 6-way valve (Vici) equipped with a 2 mL loop was applied to provide oxygen pulses. The catalyst was heated up at a rate of 10 °C/min in a 15 ml/min flow of CH 4 /N 2 (95/5), nitrogen was used as internal standard. Once the temperature reached 700°C the GC analysis was started (time-on-stream = 0). In case of pulsing operation the pulses were started after 0.5 h on stream to ensure complete carburization of MoO 3 . We used constant volume of pulses (2 mL) and varied the frequency of pulsing in a range from 2/12 to 2/2 mL/min. The products were analyzed using an online gas chromatograph (Interscience Compact GC) equipped with three separate columns and detectors. This GC system allows a very fast analysis (4.8 min) of usual components of the MDA stream (permanent gases and all hydrocarbons up to naphthalene). A thermal conductivity detector (TCD) coupled with a Molsieve 5A column to analyze light gases (H 2 , N 2 , CH 4 and CO). Light hydrocarbons (ethane, ethylene) were analyzed with RT®-Q-BOND column equipped with another TCD, and higher hydrocarbons (benzene, toluene, naphthalene) were analyzed using a flame ionization detector (FID) with an Rtx®-1 column. GC analysis was performed every 5 min. To probe the chemical state of Mo species during pulsing operation we performed an ex-situ X-ray photoelectron spectroscopy (XPS) study using a Thermo Scientific K-alpha spectrometer equipped with a monochromatic Al Kα X-ray source and a 180° double-focusing hemispherical analyzer with a 128-channel detector. Spectra were obtained using an aluminum anode (Al Kα = 1486.6 eV) operating at 72 W with a spot size of 400 μm and pass energy of 200 eV. We characterized calcined 5%Mo/HZSM-5, 5%Mo/HZSM-5 held in methane flow at 700°C for 2 h in O 2 -free conditions and 5%Mo/HZSM-5 held in methane flow at 700°C for 2 h with 2 mL O 2 pulsing every 12 min (8 oxygen pulses in total). The latter two samples were quenched and cooled in He. These samples were taken into a glove-box without exposure to air and, after sample preparation, transferred to the XPS apparatus in a specially designed airtight transfer holder. For the sample obtained during O 2 -pulsing, the reaction was quenched exactly 5 min after the last O 2 pulse. Figure S1 . Actual GC data (a) and derived pulse shape (b). Conditions: 15 ml/min CH 4 :N 2 95:5, 2 mL oxygen pulses every 3 minutes, room temperature.
Analysis of the products
To accurately determine the phenomena taking place during O 2 pulsing (length, concentration) we used periodic-delay-analysis by GC-TCD. The principle of the method is based on inducing a small delay between pulsing oxygen and GC injections. In this case we performed GC injections every 90.0 seconds, while pulses were given every 180.83 seconds. By doing so we could record chromatograms corresponding to a certain position on a recurring pulse profile with a resolution of 0.415 seconds.
In this manner we could accurately quantify the pulse length and oxygen concentration. Moreover, this approach allowed confirming the safety of pulsing experiments. We observed a minimum methane concentration of about 70% -well above the upper explosive limit for methane-oxygen mixture [1] . Figure S2 . Illustration of the analysis method applied in this work, featuring GC injection and oxygen pulse positions in case of 2/12 experiment. Scale of 300 min (left) and 120 min (right).
An approach, similar to the described above, was used to accurately quantify the catalytic performance of 5%Mo/HZSM during pulsing operation. By performing GC analysis every 5.00 min and pulsing oxygen every 12.1 minutes we were able to analyze the gas phase during the O 2 pulse as all compositions arising during the pulse are equally probed. Integration of such obtained data provides the best achievable approximation of the transient catalytic activity. To support this principle we compared results obtained by high-resolution MS analysis for a single pulse and GC analysis on a scale of 300 min (23 oxygen pulses). MS analysis (left) shows that 25% of time during 2/12 pulsing operation the catalyst remains (semi-)oxidized (hence less active). Inspection of the GC results (right) shows a very similar fraction of inactive periods (22%), proving the accurateness of the method. To further support this, we show in Fig. S13 that the cumulative curves of benzene production in two independent measurements show deviation less than 2%. pulsing started after the catalyst was carburized at 700 °C for 0.5 h.
As similar volume of pulses (and thus pulse lengths -3 min) were used for all experiments, we can demonstrate the analysis accuracy by plotting similar GC profiles of benzene production in case of 2/6 -50% time (semi-)oxidized and 50% time reduced; 2/3 -100% (semi-)oxidized and 2/2 -100% (semi-) oxidized. A clear match between the expected and obtained values underpins the viability of our GC method to determine benzene yield for different pulsing frequencies. (Fig. 1c) . The integration was performed by Fytik 0.9.8 software.
Quantification of the
To estimate the contribution of different carbon sources to the oxygen conversion the following assumptions were made:
1. All the oxygen supplied to the reactor is converted to CO 2. The second peak in the CO profile of a pulse corresponds solely to the recarburization of MoO 3 3. After switching from 12 CH 4 to 13 CH 4 all the 12 CO from a combustion peak corresponds to surface species and all the 13 CO corresponds to gas phase species, the same but in reverse order stands for switching from 13 
11±1
The amount of CO evolved during recarburization is proportional to the amount of oxygen consumed to oxidize Mo 2 C. Thus, about 21±2% of oxygen is used to oxidize Mo 2 C and 79±2% to oxidize other surface and gas phase species.
Furthermore, we analyzed the intermediate pulses (ones when the methane supply was switched to another isotope after prolonged time to ensure the surface enrichment with the previous isotope, pulses 3 Thus, some 18±7% of supplied oxygen reacts with gas-phase species and 62±8% with surface species other than carbide (mainly coke species as Fig. 2 in the main text implies).
We determined the time needed for recarburization and the amount of molybdenum carbide reoxidized during an oxygen pulse in the following manner. A bed of 0.5 g of 5%Mo/HZSM-5 catalyst contains about 0.26 mmol of Mo. We have established that 21% of the oxygen pulse, representing ~0.02 mmol oxygen, is used to oxidize Mo 2 C. This corresponds to ca. 4.5% of the total amount of Mo. An estimate of the time needed to recarburize this amount of Mo-oxide (by relating it to 45 min time needed to carburize a fresh catalyst bed) yields a value of 2 min in good agreement with the recarburization time observed in the MS experiment (Fig. 2) .
TGA analysis Figure S6 . DTG profile of a 5%Mo/HZSM-5 sample after an oxygen-free MDA test.
There are three components in this typical DTG profile:
1. Small weight gain at about 450°C corresponds to oxidation of Mo 2 C, according to the reaction: Clearly, MoO 3 catalyzes combustion of carbon, decreasing the combustion temperature from ~600°C to <400°C.
Comparison of oxygen pulsing with alternative in-situ regeneration methods Figure S8 . Comparison of several high-temperature regeneration methods on the production of benzene a as a function of time-on-stream.
Key:
Black squares -a reference MDA run with no oxygen.
Blue triangles -2% of oxygen was continuously mixed with the methane flow, the total amount of oxygen in this case is similar to the amount of oxygen supplied at 2 mL/6 min frequency. Apparently, continuous feeding of oxygen is rather ineffective, as due to low concentration all the oxygen reacts in the very top part of the catalyst bed, keeping it oxidized and MDA-inactive.
Red circles -after 1 h at 700°C in MDA conditions, the reactor was flushed with He (30 ml/min) for 2.5 minutes and then air flow (20 ml/min) was applied for 25 minutes to completely remove formed coke, after another 2.5 min in He flow the methane was supplied again. Nearly complete loss of catalytic activity was observed after 3 consecutive reaction-regeneration cycles, since such harsh treatment appears to be detrimental for the zeolite framework and hence the shape-selective properties (see Fig. S7 ).
Stability of 5%Mo/HZSM-5 during oxygen pulsing operation 
